We have proposed a novel bonding process using silver nanoparticles, which can be alternative to lead-rich high melting point solders. The bonding mechanism of silver metallo-organic nanoparticles to bulk materials (gold and copper) is discussed based on the observations of the bonded interface using Transmission Electron Microscope (TEM). At the interface of sintered silver and bulk gold, the crystal orientation of silver corresponded to that of gold. It is thought that the epitaxial layer of silver formed through silver nanoparticles being oriented in the direction of the gold crystal. At the interface of sintered silver and bulk copper, no epitaxial layer of silver on the copper crystal formed. Though the appearance of the crystal structure of silver/copper interface is different from that of the silver/gold interface, copper as well as gold are coherent with silver, and have been successfully bonded using the silver nanoparticles.
Introduction
Although the regulations for prohibiting lead-containing products have started on account of the worldwide environmental preservation, decisive materials that can be alternative to lead-rich high melting point solders have not been still developed. 1) We have proposed a novel bonding process using silver metallo-organic nanoparticles, which can be alternative to lead-rich high melting point solders. The bonding process utilizes high sinterability of nanoparticles at a low temperature, which is one of particular properties of nanoparticles. We have already indicated that the bonding process using nanoparticles has the possibility to realize the lead-free electronics assembly that can be attained at the present reflow temperature using lead-rich solders and satisfies the requirements for the mechanical properties of the joints.
2) However, the detailed bonding mechanism of silver metallo-organic nanoparticles to the substrate metal has not been clear. In order to decrease the bonding temperature and the bonding pressure, it is necessary to clarify the interfacial bonding mechanism. In the present study, we investigated the thermal characteristics and the sintering behavior of silver metallo-organic nanoparticles, and discussed the bonding mechanism based on the observations of the bonded interface using TEM.
Experimental Procedure
Figure 1 a shows TEM image of the silver metallo-organic nanoarticles used in this study. The silver metallo-organic nanoparticle consists of the silver nanoparticle and the organic shells. The organic shells have a function as the passivation layer that prevents self-cohesion of the silver nanoparticles. These nanoparticles have a wide particle size distribution from 10 to 100 nm, and the average size is 20 nm.
The silver metallo-organic nanoparticles pasted with triethylene glycol were used for bonding in this study.
The thermal characteristics of silver metallo-organic nanoparticles were measured with a Differential Thermal Analysis (DTA) and Thermalgravimetry (TG) in air or nitrogen atmosphere at heating rate of 0.17 K/s.
In order to observe the sintering behavior of silver metalloorganic nanoparticles, Field Emission Scanning Electron Microscope (FE-SEM) observation of the samples prepared by the following method was performed. The observation samples were prepared by silver metallo-organic nanoparticles being heated up to prescribed temperatures with DTA in air or argon atmosphere and quenched. Figure 2 shows the shape of the bonding specimen of copper or copper plated with nickel (thickness of approximately 2 mm)/gold (thickness of approximately 0.7 mm). The silver nanoparticles paste was supplied on the faying surface of the lower specimen, and the specimen was preheated at 423 K for 300 s to dry silver nanoparticles paste. 
Subsequently, the upper and lower specimens were butted each other, and such prepared bonding specimens were heated up to each bonding temperature (473{673 K) with a heating rate of 1 K/s in air under a bonding pressure of 5 MPa, and quenched. The strength of the joints was measured with a tensile displacement rate of 1:67 Â 10 À5 m/s. Figure 3 shows the diagram of sampling method using Focused Ion Beam (FIB) for TEM samples. The samples that were extracted from the bonded area were further thinly fabricated using FIB, and the samples were observed by TEM.
Result and Discussion
3.1 Thermal and sintering characteristic of silver metallo-organic nanoparticles Silver metallo-organic nanoparticles can bring out high sinterability by removing the organic shells which can be decomposed by heating. Therefore, it is important to clarify thermal and sintering characteristics of the silver metalloorganic nanoparticles. Figure 4 presents DTA and TG traces of silver metallo-organic nanoparticles. Weight reduction during heating in the TG trace indicates the decomposition of the organic matters contained in silver metallo-organic nanoparticles. The amount of weight reduction in air was around 4.8 mass%, and larger than in nitrogen atmosphere. The DTA trace in air had exothermal peaks while no exothermal peak was recognized in nitrogen atmosphere. The exothermal reactions in air are considered to be combustion reactions of organic matters, because the weight reductions were detected in accord with these peaks. Daoqiang Lu et al.
have investigated the thermal properties of organic lubricants on the commercial silver flakes surface. 3, 4) They have reported that absence of the exothermal peak in nitrogen suggests the exothermal peak coming from an oxidation process of lubricants. This report supports the oxidation reaction causing the decomposition of the organic shell in the present case.
In order to verify the relationship between the exothermal reaction and the sintering process in detail, the sintering behaviors of silver metallo-organic nanoparticles were observed using FE-SEM. FE-SEM images of silver metallo-organic nanoparticles heated up to various temperatures in air and argon atmosphere are shown in Figs. 5 and 6. The silver particles heated up to 523 K in air were isolated each other, though the silver grain sizes were larger than those in initial state. In air, silver particles heated up to 573 K after the first exothermal reaction significantly grew than that heated up to 523 K, while small silver particles still existed. These small particles disappeared when heated up to 623 K after the second exothermal peak. On the other hand, in argon atmosphere, although the sintering of silver particles continuously proceeded, the grain sizes of the particles heated up to 673 K were still around 100 nm and isolated. It is considered that the organic shells still remained. This can be caused by an insufficient oxygen partial pressure in argon atmosphere. These results reveal that the exothermal reaction in air is the oxidation reaction of the organic shells, and removing the organic shells makes sintering silver particles accelerate. In addition, the sintered silver became denser by progress of sintering. It is thought that this densification process is very important for applying the silver metalloorganic nanoparticles to bonding. Interfacial Bonding Mechanism of Silver Nanoparticles to Bulk Metals Figure 7 shows the relationship between bonding temperature and tensile strength of copper-to-copper joints and copper/nickel/gold-to-copper/nickel/gold joints. It is impossible to form a joint at 498 K, and the tensile strength increased in accord with bonding temperature. Figure 8 shows Scanning Electron Microscope (SEM) images of fracture surface of copper-to-copper joints bonded at 523 K and 673 K. At 523 K, there remained silver nanoparticles that had not enough sintered. This is because the organic shells were insufficiently decomposed at such a low temperature and prevented silver nanoparticles from sintering. On the other hand, at 673 K, no such remained silver nanoparticles were observed, and many dimples formed on the fracture surface. Fracture morphology of copper/nickel/ gold-to-copper/nickel/gold joints was also similar to that of copper-to-copper joints. It is considered that the higher temperature promoted decomposing the organic shell and sintering process of the silver nanoparticles, and enhanced the strength of the sintered silver layer and the interfacial bonding strength. Therefore, in this bonding process, the organic shell is disincentive for sintering silver nanoparticles, and it is important to promote decomposing and eliminating it.
Effect of bonding temperature on bondability

Transmission Electron Microscope observation of
interface between silver layer and bulk metals In order to investigate bonding mechanism at the interface in the bonding process using silver metallo-organic nanopartcles, TEM observation of the bonding interface between sintered silver layer and gold or copper substrate was performed. Figure 9 shows TEM images and diffraction patterns of the silver/gold interface bonded at 673 K. At 673 K, though there are some voids of submicron in size, the densely sintered silver layer formed. The diffraction pattern of silver near the interface corresponded to that of gold. To observe more detailed interface structure, lattice image observation of the interface was performed. Lattice images of the silver/gold interface are shown in Fig. 10 . The image reveals that the crystal orientation of silver corresponded to that of gold. It is considered that the epitaxial layer of silver was formed by silver nanoparticles being oriented in the direction of the gold crystal during the adhering process of the silver nanoparticles to the gold substrate. Next, the interfacial structure at an early stage of the bonding process was investigated. Figure 11 shows TEM images of silver/gold interface bonded at 523 K. At 523 K, there remained silver nanoparticles that insufficiently sintered, and only a few bonded areas existed at the interface. At the bonded area, however, just like the bonded interface at 673 K, the crystal orientation of silver corresponded to that of gold. It is thought that the epitaxial layer of silver already formed at an early stage of the bonding process.
Subsequently, observation of silver/copper interface was performed. Figure 12 shows TEM images of silver/copper interface bonded at 673 K. The sintered silver layer adhered to the copper substrate similar to the case of the gold substrate. However the interfacial structure was different from the silver/gold interface. At the silver/copper interface, no epitaxial layer of silver on the Cu crystal formed. This can be caused by the difference in the lattice constants of gold and copper. While the lattice constant of gold (0.4079 nm) is closed to that of silver (0.4086 nm), the lattice constant of copper (0.3615 nm) significantly differs from that of silver. Therefore the contrast reflecting a lattice strain caused by a mismatch in d spaces of copper and silver at the interface was observed in the TEM image. However, copper was coherent with silver, and have been successfully bonded. Figure 13 shows TEM images of silver/copper interface bonded at 523 K. At an early stage of the bonding process, linked silver particles of approximately 100 nm in size were recognized, and a few areas attained bonding at the interface. From the lattice image (Fig. 13(c) ), like the image of Fig. 12(c) at 673 K, a lattice matched structure already formed at the bonded interface.
From these result, though appearance of the crystal structure of silver/copper interface is different from that of silver/gold interface, copper as well as gold are coherent with silver, and have been successfully bonded.
In order to study interfacial mutual diffusion behavior of this bonding process, EDX quantitative analysis was performed. The analyses points of the silver/gold and silver/ copper interface bonded at 523 K and 673 K were shown in Fig. 14. Table 1 shows the results of EDX quantitative analyses. From the results, at the point of approximately 40 nm from the interface, detected silver in gold side was several percent, and detected gold in silver side was also several percent. And no effect of bonding temperature on the diffusion was recognized. In addition, the result of silver/ copper interface was similar to that of silver/gold interface. These results indicate that interfacial mutual diffusion was hardly occurred. It is considered that atoms of silver, gold and copper are not active at these bonding temperatures that are mach lower than the melting temperature of each metal. From these results, the bonding of silver to bulk metals was found to be achieved through sintering of nanoparticles to bulk metals without significant diffusion unlike conventional diffusion bonding process.
3.4 Bonding mechanism using silver metallo-organic nanoparticles As to sintering of nanoparticles to bulk metals, Yeadon et al. 5) have reported that sputtered silver or copper nanoparticles formed the epitaxial layer on the monocrystal copper substrate in vacuum. They also suggested that the formation of the epitaxial layer starts in an extremely short time (pico second order). As mentioned above, it is confirmed as experimental facts that nanoparticles sinter abundantly fast and orient in the direction of the substrate crystal, however, the dominant mechanism of sintering nanoparticles has not been still clear. On the basis of the Yeadon's results and the present TEM observations described in section 3.3, bonding mechanism using silver metallo-organic nanoparticles to bulk metals is discussed below.
In this bonding process, the silver layer forms by sintering silver nanoparticles. Therefore, interfacial bonding is also achieved by sintering.
First, the case of bonding to the gold substrate is discussed. 
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Silver nanoparticles that have been exposed by decomposition of the organic shell begin to sinter using the high surface energy as driving force. At the interface, immediately after the silver nanoparticles contact on the gold substrate, the crystal orientation of the silver nanoparticles reorient to that of gold substrate to reduce the interfacial energy, and the epitaxial layer easily forms because the lattice constant of silver is close to that of gold (silver: 0.4086 nm, gold: 0.4079 nm). Subsequently, the epitaxial layer grows by silver nanoparticles sintering to the epitaxial layer. Thus, silver crystal grains with approximately 100 nm in size that have the same orientation of gold formed. At this moment, formation of the silver layer by sintering silver nanoparticles proceeds in tandem with the epitaxial layer growth. Subsequent sintering and grain growth proceed to minimize the total free energy. At the silver/gold interface, through these processes, the successful interfacial structure which had little strain was realized. Next, the case of bonding to the copper substrate is discussed. Yeadon et al. 5) have reported that ð111Þ silver == ð001Þ copper , ½110 silver == ½110 copper were the stable orientation relationships. In the present observation of the silver/copper interface, however, such epitaxial orientation relationships were not recognized. While the reason is not clear, it is possible that reductive reaction of the oxide film on the copper substrate in the bonding process disturbs the for- mation of the epitaxial layer. Farther researches are needed to clarify the mechanism. From these investigations, though appearance of the interfacial structure of silver/copper interface is different from that of silver/gold interface, copper as well as gold are coherent with silver, and have achieved the excellent metallurgical joint. As described in the section 3.2, however, tensile strength of copper/nickel/gold-to-copper/nickel/ gold joints was little different from that of copper-to-copper joints. This is because both copper/nickel/gold-to-copper/ nickel/gold joints and copper-to-copper broke in the sintered silver layer. That is to say, the bonding strength depends on not interface strength but sintered silver layer strength. Consequently, to increase the bonding strength, it is important to form denser and stronger sintered silver layer.
Conclusion
(1) Although silver metallo-organic nanoparticles sintered enough in air, they did not sinter in argon atmosphere because the organic shells still remained. It is considered that the reaction of decomposing organic shell is the oxidation reaction, and removing the organic shells makes sintering silver particles accelerate. (2) Both the copper-to-copper joint and the copper/nickel/ gold-to-copper/nickel/gold joint, the bonding was initiated at a bonding temperature of 523 K, and the tensile strength increased in accord with the bonding temperature. (3) At the low temperature of 523 K, silver nanoparticles remained on the fracture surface because the organic shell was not enough reduced. The organic matters are disincentive for bonding, therefore to promote decomposing and eliminating them is necessary to increase the tensile strength. (4) At the silver/gold interface, the epitaxial layer of silver was recognized. Silver nanoparticles contacted on the gold substrate reoriented to the direction of gold, and form the epitaxial layer easily because the difference of the lattice constant between silver and gold is little. (5) At the silver/copper interface, unlike the silver/gold interface, no epitaxial layer was observed. This is caused by the difference in the lattice constants of gold and copper. (6) Though appearance of the interfacial structure of the silver/copper interface is different from that of the silver/gold interface, copper as well as gold are coherent with silver, and have achieved the excellent metallurgical joint.
